gauge system to record relatively undamped pressure pulses was checked prior to, and at frequent intervals during each experiment, as follows: One femoral artery of the anesthetized dog was cannulated with a 30-cm. length of PE 260 polyethylene tubing, which was then attached to a matching strain gauge and carefully flushed free of air bubbles. The opposite femoral artery was exposed and the small needle inserted into it. Pressure pulses were recorded simultaneously from both femoral arteries, using Sanborn model 350-110 carrier wave preamplifiers and oscillograph recorders. Systolic and diastolic pressures were measured in both tracings and were also inspected for similarity of contour. Damping was characterized by a lesser value for both systolic and diastolie (especially systolic) blood pressure. If a difference greater than 2 per cent systolic and 1 per cent diastolic pressure was found, the needlegauge transducer was taken apart and refilled. This procedure was repeated until the two pressure recordings agreed within the limits specified.
The femoral catheter was then advanced to the midabdominal aorta, and the abdomen was opened via a midline incision. A loop of small intestine was withdrawn, and. with the aid of magnifying glasses, the needle was threaded in a retrograde direction into arteries of various diameters in the mesentery and serosa of the intestine ( fig. 1 ). After recording aortic and small artery pressure pulses simultaneously, the needle was withdrawn, the intestine was replaced, the pressure transducer and needle system carefully flushed, and another loop of intestine withdrawn for further measurements of small artery pressures. At the end of four or five such recordings, the smnll needle was reinserted into the femoral artery and the resulting pressure pulse inspected to be certain that repeated flushing had not altered the response characteristics of the needle-gauge system. The intestinal small arteries lay close to the surface and were readily punctured. Penetration of the mesenteric vessels was facilitated by gently removing the overlying fat by spreading with the points of a small scissors.
Norepinephrine diluted in 5 per cent dextrose in water was infused intravenously at a rate of approximately 0.001 mg. per minute, sufficient to maintain a significant elevation of arterial pressure. Angiotensin was similarly diluted to provide a concentration of 1 fig. per pulse-wave generator is shown above with the needle gauge and monitor gauge mounted sida by f tide. The latter had only large-bore connections to the piilse-wave generator. A sample record is shown below.
of the ion per K^. In the hemorrhage experiments, blood was withdrawn usually from a femoral vein or occasionally from a femoral artery. A total of approximately 250 ml. of blood was removed, usually in two approximately equal portions.
Results
Pressure pulses were obtained in small arteries down to and including those of 200 JX internal diameter. As can be seen in figure 2 , the changes in the pressure pulse in the small arteries, as compared to the aortic pressure, were (1) a greater reduction in systolic than in diastolic pressure, (2) a more gradual systolic, upstroke, and (3) a smoothing out of the dicrotic notch. In addition, high-frequency components, such as the small presystolic wave observed in some dogs, were either entirely or almost entirely obliterated. In figure 2 , the curves taken from dog 179 show somewhat less damping during transmission of the pressure pulse to the small arteries than in dog 182, and serve to illustrate the range 008 181
FIGURE 3
Pressure pulse contours photographed from an oscilloscope screen in dog 179 (above) and toith optical galvanometers (Sanborn model S5S-100M photographic recorder) in dog 182 (below). The aortic pressures were recorded through PE 260 polyethylene tubing. AU other pressures, including the femoral in dog 182, have been recorded through the small needle. Time lines in lower tracing are at 0.04-second intervals.
of response that was observed in normal, anesthetized dogs.
The systolic and diastolic pressure drops from the aorta to arteries of 1,000, 500, and 200 fi diameter are listed in table 1. The mean pressure fall from aorta to intestinal arteries of 200 fj. diameter, representing the eighth to ninth bifurcation from the aorta, averaged approximately 17 per cent systolic and 12 per cent diastolic. The decreasing gradient in arterial pressure was continuous, a measurable decrease being present in arteries 1 mm. in diameter.
During the hypertension induced either by norepinephrine or angiotensin, the pressure gradient from aorta to arteries of 200 /*, diameter decreased (table 2). The decreased pressure drop was more pronounced in regard to systolic than to diastolic pressure, with a consequent relatively greater increase in pulse pressure in the small arteries as compared with the aorta. In addition, the pulse-wave contour in the small arteries assumed more of the pattern of the aortic pressure with a steeper systolic upslope and a sharper configuration to the dicrotic notch than before the drug ( fig. 3 ). Simultaneous recordings of pressure pulses from the aorta and an artery of 200 /x diameter before and after elevation of the arterial pressure irith norepineplirine infused intravenously at a rate of 0.001 mg. per minute.
Reduction of arterial pressure following hexamethonium or hemorrhage increased the pressure gradient from the aorta to the small arteries, the effect on systolic pressure being somewhat more prominent after hemorrhage Simultaneous aortic and femoral and small artery pressures taken during severe hemorrhagic shock. The femoral and small artery pressures icere taken through the small needle, the aortic pressures through a PE 260 polyethylene catheter.
than after hexamethonium (table 2) . "When extreme hypotension (systolic pressures below 70 mm. Hg) was produced, either by hemorrhage or by the ganglion-blocking agent, the pressure pulse was almost entirely obliterated in the small arteries ( fig. 4 ).
Discussion
Damping seemed to be the principal factor affecting the pressure pulse during its transmission from large to small arteries. Damp- ing could explain all of the major changes seen, including the greater percentage drop in systolic than in diastolic pressure, the progressive loss of steepness of the systolic upstroke, the widening and smoothing of the dicrotic notch, and the disappearance of higher frequency components of the pulse wave.
Elevation of arterial pressure decreased the degree of damping, as evidenced by the decrease in the percentage pressure drop from aorta to small arteries, the steeper systolic upstroke, and the more abrupt deflections at the dicrotic notch in the small arterial pressure pulse. The decrease in damping observed during acute hypertension could result from increased stiffness of the arterial walls due either to direct action of the drug on arterial smooth muscle, increased tension on the arterial walls produced by the elevated lateral blood pressure, or both. Reduction of arterial pressure, either by hexamethonium or by hemorrhage, produced opposite effects, with evidence of increased damping of the pressure pulse in the small arteries. These hypotensive procedures could reduce the stiffness of the walls of the arteries by lowering the tension against the arterial wall as a result of the reduced lateral pressure.
The fact that the pressure drop from the aorta to arteries of 200 fj. diameter decreased during the hypertension induced by either norepinephrine or angiotensin indicated that the increase in peripheral vascular resistance must have occurred in blood vessels distal to the point of measurement. Thus, there was no evidence to indicate that arteries of 200 d iameter or larger play an important role in controlling the peripheral vascular resistance. The evidence indicates rather that the small arteries of 200 ix diameter or larger, aside from providing a moderate frictional resistance as indicated by the gradual pressure drop, function primarily as transport vessels.
Probably because of the technical difficulties involved, there have been few studies of small artery blood pressure. The classic investigations of Landis used methods that were unsuitable for recording the dynamic pressure fluctuations in such vessels. 1 Haddy and his associates have threaded pipettes or, more frequently, plastic catheters into wedged positions in small arteries. 2 The recordings obtained were valuable for the study of changes in mean small artery pressures in response to various physiological and pharmacological stimuli, but did not permit accurate study of the shape and dimensions of the pressure pulse contours in small arteries. Eappaport and Bloch and their associates developed a method for recording dynamic pressure changes in small arteries, using a small capacitance manometer. They recorded pressure pulses in small arteries of the systemic circulation of frogs and of the pulmonary circulation in kittens.' 4 To our knowledge, high fidelity recordings of pressure pulse contours have not been obtained previously in the small arteries of the mammalian systemic circulation.
Summary
Pressure pulse contours have been obtained in the small mesenterie and intestinal arteries of the dog. The principal change in the pressure pulse during transmission from large to small arteries appeared to be the gradual and progressive development of damping. The pressure drop from the aorta to arteries of 200 n internal diameter averaged 17 per cent systolic and 12 per cent diastolic. Elevation of blood pressure with norepinephrine or angiotensin decreased the large-to-small artery pressure gradient, as well as the apparent degree of damping. Eeduction of arterial pressure following hexamethonium or hemorrhage had the opposite effect. The evidence suggested that arteries of 200 p diameter and larger function primarily as transport vessels and play no important role in altering the peripheral vascular resistance.
